The prtl gene encoding extracellular protease from Erwinia carotovora subsp. carotovora EC14 in cosmid pCA7 was subcloned to create plasmid pSK1. The partial nucleotide sequence of the insert in pSK1 (1,878 bp) revealed a 1,041-bp open reading frame (ORF1) that correlated with protease activity in deletion mutants. ORF1 encodes a polypeptide of 347 amino acids with a calculated molecular mass of 38,826 Da. Escherichia coli transformed with pSKI or pSK23, a subclone of pSK1, produces a protease (Prtl) intracellularly with a molecular mass of 38 kDa and a pI of 4.8. Prtl activity was inhibited by phenanthroline, suggesting that it is a metalloprotease. The prtl promoter was localized between 173 and 1,173 bp upstream of ORF1 by constructing transcriptional lacZ fusions. Primer extension identified the prtl transcription start site 205 bp upstream of ORF1. The deduced amino acid sequence of ORF1 showed significant sequence identity to metalloproteases from Bacillus thermoproteolyticus (thermolysin), B. subtilis (neutral protease), Legionella pneumophila (metalloprotease), and Pseudomonas aeruginosa (elastase). It has less sequence similarity to metalloproteases from Serratia marcescens and Erwinia chrysanthemi. Locations for three zinc ligands and the active site for E. carotovora subsp. carotovora protease were predicted from thermolysin.
Erwinia carotovora subsp. carotovora EC14 is a gramnegative bacterium which causes soft rot on many plant species (39) . Soft rot of potato (Solanum tuberosum) tubers is associated with the production of several degradative enzymes secreted by E. carotovora subsp. carotovora, including pectolytic enzymes, cellulases, proteases, and phospholipases (10, 57) . Pectolytic enzymes probably play the most important role in maceration by degrading pectic components of the plant cell wall and middle lamella, resulting in separation of the cells (5) . Possible roles for other degradative enzymes have not been established.
Several erwinias and pseudomonads causing soft rot secrete proteases. Among soft-rot pseudomonads, extracellular protease production correlates more strongly with the ability to macerate plant tissue than does pectolytic enzyme production (46) . In E. carotovora subsp. carotovora, large amounts of extracellular protease are produced when the bacterium is grown in rich broth, on bean (Phaseolus vulgaris) hypocotyls, or on sliced cucumber (Cucumis sativus) fruit (57) , but the physiological role of the protease is unknown. Protease may aid in the degradation of plant cell wall components, cytoplasmic membranes, or cytosolic proteins. Purified E. carotovora subsp. carotovora protease causes limited cell death on cucumber disks and lysis of cucumber protoplasts (57) . The release of amino acids and small peptides by E. carotovora subsp. carotovora protease may increase the rate of bacterial growth, thereby increasing the ability of the pathogen to colonize its host. The nutritional benefit derived from the proteolytic digestion of host macromolecules may contribute to greater virulence (in the sense of causing greater host damage) of protease-producing human pathogens, including Pseudomonas aeruginosa, Staphylococcus aureus, and Vibrio cholerae (61) .
A cosmid (pCA7) encoding extracellular protease (Prtl) was previously detected in an E. carotovora subsp. carotovora genomic library and complemented a TnS-induced, protease-deficient mutant, L-763, of E. carotovora subsp. carotovora (2) . Here we report subcloning and sequencing of the protease gene (prtl) from pCA7. To clarify the function of the protease encoded by prtl, we have further constructed an E. carotovora subsp. carotovora marker exchange mutant for prtl, since Southern analysis of protease-deficient mutant L-763 indicated that prtl was not interrupted by TnS (26) . Our results show that the DNA sequence ofprtl is most similar to Bacillus thermoproteolyticus thermolysin (55) ; prtl shows little sequence relatedness to metalloproteases of E. chrysanthemi, a closely related soft-rot pathogen (12, 13) .
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and chemicals. E. carotovora subsp. carotovora EC14 and cosmid pCA7 have been described previously (2, 43) . Escherichia coli DH5a (Bethesda Research Laboratories [BRL] , Inc., Gaithersburg, Md.) and CB806 (48) were used as plasmid hosts. Plasmids pSK-(Bluescript; Stratagene, La Jolla, Calif.), pBR322 (BRL), and pUC4-KIXX (Pharmacia, Inc., Piscataway, N.J.) were used for cloning. Plasmid pCB267 contains a promoterless lacZ gene (48) (34) .
DNA procedures. Procedures for agarose gel electrophoresis, restriction enzyme analysis, and ligation were performed by using standard methods (30) . Plasmid DNA used for cloning and sequencing was isolated from 5-ml LB cultures, using an alkaline lysis method (23) . DNA fragments for cloning were separated by electrophoresis in 0.7% (SeaPlaque; FMC BioProducts) or 1.0% (NuSieve; FMC BioProducts) low-melting-point agarose gels, and the DNA from the excised gel bands was used for ligation (52) . Recombinant plasmids were transformed into E. coli by the method of Hanahan (18) . Restriction A sequencing reaction performed with the same primer and pSK1 was used to determine the transcription start site.
Northern analysis. RNA was isolated from E. carotovora subsp. carotovora grown in glycerol broth or in planta, and the prtl mRNA expression was measured by Northern (RNA) analysis as described previously (65) . A 32P-labelled, 1-kb SmaI-EcoRI fragment of pSK1 was used as a prtl
probe. An RNA ladder (BRL) was used to determine the molecular size of the RNA transcript.
Bacterial mating, plasmid curing, and marker exchange. Plasmids with prtl inactivated by inserting a gene for kanamycin resistance were mated into E. carotovora subsp. (30) . Probe labelling, hybridizations, washings, and detection were carried out in accordance with manufacturer's instructions (Genius System; Boehringer Mannheim).
Nucleotide sequence accession number. The nucleotide sequence for prtl was submitted to GenBank and assigned accession number M36651.
RESULTS
Subcloning of prtl. BglII digested pCA7 (2) into six fragments; an 8.0-kb BglII fragment cloned into the BamHI site of pSK-(pSK10) expressed protease activity (Prtl) in E. coli DH5a. Plasmid pSK10 was digested with HpaI and HindIII to delete a 3.0-kb fragment. The remaining DNA, containing a 5.0-kb BglII-HpaI insert from E. carotovora subsp. carotovora and the pSK-vector, was purified from an agarose electrophoresis gel, blunt ends were made with Klenow fragment, and the DNA religated to create pSK2 (Fig. 1) . To clone the 5.0-kb BglII-HpaI fragment in the opposite orientation in pSK-, pCA7 was digested with BglII and HpaI, the fragments were treated with Klenow fragment, and the gel-purified BglII-HpaI fragment was ligated into SmaIcleaved pSK-to produce pSK1 (Fig. 1) . Prtl activity on gelatin plates in E. coli transformed with pSKl or pSK2 indicated that the 5.0-kb BglII-HpaI fragment contained the prtl promoter as well as the open reading frame (ORF).
E. carotovora subsp. carotovora and E. coli DH5aL containing pCA7, pSK1, or pSK2 expressed a protease with a pI of 4.8 (Fig. 2) . Occasionally, a second band, probably caused by protease degradation, was detected at pI 5 (Fig. 1) . Plasmid pSK22 was created by cloning a 0.43-kb SmaIEcoRV restriction fragment containing 173 bp upstream of ORF1 into the SmaI site of pCB267 (Fig. 1 ). E. coli CB806/ pSK21 harvested during late logarithmic phase (turbidity at 600 nm = 0.9) produced 41 U of ,-galactosidase; E. coli CB806/pSK22 expressed no 3-galactodisase activity. This confirms that the prtl promoter and/or sequences affecting prtl transcription lie between 173 and 1,173 bp upstream of ORF1. E. coli CB806/pSK21 harvested at stationary phase (turbidity at 600 nm = 1.4) produced about ten-fold more ,B-galactosidase activity (500 U) than cells harvested in late Nucleotide and deduced amino acid sequences of the E. carotovora subsp. carotovora protease gene (prtl). Indicated are those sequences most closely corresponding to the E. coli consensus sequences for the Pribnow box (-10), the recognition site (-35), ribosome-binding site (SD), transcription initiation site (+1), the putative cleavage sites for signal peptidase (S), restriction endonuclease sites (NruI, SmaI, and EcoRV), and the putative transcription terminator (horizontal arrows; break in arrow represents a mismatch in the inverted repeat). Underlined within the ORF is the location of the sequence complementary to the primer used for primer extension (Fig. 5). FIG. 5 . Determination of transcriptional start site for the E. carotovora subsp. carotovora protease gene (prtl) by primer extension. The sequencing reactions (A, C, G, and T) and primer extensions were initiated from primer (Fig. 4) Fig. 4) indicates the first deoxynucleotide, cytosine (underlined), inserted in the prtl transcript. logarithmic phase. No activity was observed in E. coli DH5ax/pSK22 cells harvested in the stationary phase.
Primer extension located the start of the prtl mRNA 205 bp upstream of ORFi (Fig. 5) . The transcript was detected when RNA was isolated from E. carotovora subsp. carotovora during the late stationary growth phase (turbidity at 600 nm = 1.4), but not at the early stationary phase (turbidity at 600 nm = 0.9). The putative promoter sequences, TTTCCT and TTCAAG at -7 and -29, respectively, are separated by 16 bp (Fig. 4) . These sequences do not resemble strongly the E. coli -10 (TATAAT) and -35 (TTGACA) consensus promoter sequences (20) . The size of the prtl transcript, 1.3 kb, was estimated from a Northern blot, using total RNA isolated from in planta grown E. carotovora subsp. carotovora (Fig. 6 ). This size is consistent with the length of the ORFi (1, residues 157 to 193 and from residues 258 to 276, were 58 to 71% and 42 to 74% identical, respectively, to proteases from B. thermoproteolyticus, B. subtilis, L. pneumophila, and P. aeruginosa (Fig. 7) . Proteases from E. chrysanthemi and S. marcescens had only 18 to 32% and 21 to 26% similarity, respectively.
Characterization of Prtl. The DNA sequence information was used to find a restriction fragment containing only the prtl ORF1; a 1.78-kb NruI fragment from pSK1 was cloned into the EcoRV site of pSK-to produce pSK23 (Fig. 1 ). E. coli DH5a/pSK23 produced a 38-kDa protein with a pl of 4.8, values which resemble those calculated for the deduced protein from ORF1. Prtl activity in the intracellular fraction of E. coli/pSK23 was inhibited by phenanthroline and phosphoramidon, but not by phenylmethanesulfonyl fluoride, iodoacetate, or pepstatin, confirming that it is a metalloprotease (Table 1) .
Marker exchange mutagenesis of prtl. The prtl in plasmid pSK2 was insertionally inactivated by cloning a 1.2-kb SmaI fragment containing the kan gene from pUC4-KIXX into the EcoRV site within ORF1 (Fig. 1) . The resulting plasmid, pSK15, was transformed into E. coli DH5a, and its Prtlphenotype was confirmed on gelatin plates. To ensure that no vector-derived regions of homology remained, the pSK15 insert was cloned into pBR322; pSK15 was digested with XbaI and Sall, and the gel-purified 6.2-kb XbaI-SalI fragment was filled in by using Klenow fragment and ligated into the EcoRV site of pBR322. The resulting E. coli DH5at transformants with this 10.6-kb plasmid, pSK16, were Ampr, Kanr, Prt-, and Tets. Plasmid pSK16 was mobilized into E. carotovora subsp. carotovora by triparental mating, and then marker exchange mutagenesis was promoted by growth in phosphate-limiting medium. Homologous recombinants between prtl::kan of pSK16 and wild-type prtl in the E. carotovora subsp. carotovora genome were obtained by screening the bacteria for Amps, Kanr, and Prtl-.
Several Kanr mutants of E. carotovora subsp. carotovora that had reduced protease activity on gelatin plates were detected. One, designated L-957, was selected for Southern analysis, which indicated that kan was inserted into prtl, causing a 1.2-kb gain in mass for a 6.5-kb fragment from an EcoRI E. carotovora subsp. carotovora chromosomal DNA digest (Fig. 8) . Protease assay of the mutant on gelatin plates 
Comparison of portions of the deduced amino acid sequence of the E. carotovora subsp. carotovora (ECC) protease gene (prtl) with similar regions from other bacterial metalloproteases. Numbers refer to the location of the residues in the deduced amino acid sequence for each gene. Gaps (-) have been introduced to achieve optimal alignments. Residues involved in zinc binding (z), substrate binding (s), and the active site (a) are indicated. Amino acids matching E. carotovora subsp. carotovora protease are boxed. BT, B. thermoproteolyticus thermolysin; BS, B. subtilis neutral protease; PA, P. aeruginosa elastase; LP, L. pneumophila metalloprotease; SM, Serratia marcescens neutral protease; ECH, E. chrysanthemi metalloprotease B. showed that protease activity was approximately 60 to 80% reduced compared with the wild type (Fig. 9) The deduced amino acid sequence of prtl showed a high degree of sequence identity to several bacterial metalloproteases. This is consistent with the inhibition of the cloned protease by phenanthroline, an inhibitor of zinc metalloproteases with a high chelation affinity for zinc. The derived amino acid sequence of prtl is more similar to the thermolysin from B. thermoproteolyticus than to the metalloproteases from S. marcescens (37) . Similarity to thermolysin was also suggested by the inhibition of Prtl activity by phosphoramidon, an inhibitor that binds specifically to the thermolysin active site. In contrast, all identified extracellular metalloproteases from E. chrysanthemi, a related soft-rot pathogen, have higher sequence identity to the S. marcescens proteases (12, 13) . This report is the first to characterize a metalloprotease from E. carotovora.
Amino acid sequence comparison of Prtl with thermolysin (31, 32) shows that all six active-site residues, all three zinc-binding residues, and five of seven substrate-binding residues are identical (Table 2 ). Similar conservation of these sites has been described for other thermolysin-type proteases (6, 17, 64) . In the predicted substrate-binding site, the two amino acid changes, from residues Leu-133 and Val-192 in thermolysin to Phe-153 and Leu-216 in Prtl, respectively, represent conservative changes and do not alter hydrophobicity. A helix (residues 137 to 150) connecting the two domains of the peptide and a second helix (residues 160 to 180) lining the hydrophobic substrate-binding pocket of thermolysin (31) (29) . The NH2 terminus of the deduced polypeptide from the prtl gene shows a typical E. coli signal sequence (38) . This 20-amino-acid sequence has two positively charged amino acids (lysine and arginine) and then a hydrophobic core of 12 amino acids as indicated by the hydropathy plot generated by the Kyte-Doolittle algorithm (27) and a putative isoleucine-isoleucine-alanine signal cleavage site. Signal sequences have been identified in several other extracellular metalloproteases (6, 37, 54, 58, 64) . In the E. chrysanthemi metalloprotease B sequence, a short (16-residue) NH2-terminal pro sequence was found, but no signal sequence was observed (13) . The COOH-terminal region of E. carotovora subsp. carotovora protease contains mainly polar and charged residues (60%) and may be a-helical as indicated by a hydropathy plot. COOH-terminal processing involved in the secretion of proteases has been reported (35, 40) . We have not confirmed processing.
Partial loss of detectable protease activity by the marker exchange mutant on gelatin plates suggests that at least two proteases may be produced by E. carotovora subsp. carotovora. Our preliminary analysis of extracellular proteins of E. carotovora subsp. carotovora grown in protein extraction medium and run on sodium dodecyl sulfate-polyacrylamide gel electrophoresis showed the presence of a 45-kDa protease, but not a 38-kDa protease as predicted by the prtl gene. The absence of the 38-kDa protease in E. carotovora subsp. carotovora grown in rich broth could suggest that Prtl is not induced under these conditions, but is induced by gelatin or in planta. The 45-kDa protease is close to the size reported previously for an extracellular protease in E. carotovora subsp. carotovora EC14 (51) . We are currently characterizing this second E. carotovora subsp. carotovora protease (Prt2) and comparing it with Prtl, the 38-kDa protease.
Only one protease (pl 4.6 to 4.8) has been described from E. carotovora subsp. carotovora 71 and SR394 (24, 63) . In E. chrysanthemi, one to three extracellular proteases are produced per strain. These have been identified as metallo-, serine, or unknown proteases and range in mass from 50 to 55 kDa and in pl from 4.6 to 5.8 (4, 13, 59, 60) . Differences in the number and type of secreted proteases may vary in plant pathogenic erwinias similar to the variations observed for pectolytic enzymes (25) .
The role(s) of bacterial metalloproteases in plant or animal pathogens remains unclear. Several metalloproteases with characteristics similar to those of Prtl have been reported in human pathogens (6-8, 16, 17, 33, 36) . In these pathogens, no single factor has been identified as being sufficient for the production of all disease symptoms. Secreted proteases may enhance virulence by releasing nutrients from the host and/or by degrading host defense proteins. So far, we do not know the significance of Prtl in soft rot. However, the detection of elevated levels of prtl mRNA from in planta grown E. carotovora subsp. carotovora indicates that this protease is produced during potato maceration. We are studying the prtl::kan marker exchange mutant, L-957, to elucidate the role of Prtl in plant pathogenesis.
